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Abstract 
Safety considerations in the field of laser radiation have traditionally been restricted to maximum permissible exposure levels 
defined as a function of wavelength and exposure duration. But in Europe according to the European Directive 2006/25/EC on 
artificial optical radiation the employer has to include in his risk assessment indirect effects from temporary blinding. Whereas 
sufficient knowledge on various deterministic risks exists, only sparse quantitative data is available for the impairment of visual 
functions due to temporary blinding from visible optical radiation.  
The consideration of indirect effects corresponds to a paradigm change in risk assessment when situations have to be treated, 
where intrabeam viewing of low-power laser radiation is likely or other non-coherent visible radiation might influence certain 
visual tasks. In order to obtain a sufficient basis for the assessment of certain situations, investigations of the functional 
relationships between wavelength, exposure time and optical power and the resulting interference on visual functions have been 
performed and the results are reported. The duration of a visual disturbance is thus predictable. In addition, preliminary 
information on protective measures is given. 
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1. Introduction 
Laser products are used today in many areas, particularly in industry, science and medicine. The respective 
applications are characterized by the intended release of laser radiation. For example in medical laser surgery or for 
laser material processing purposes a certain amount of power or energy density of the laser radiation at a special 
laser wavelength is necessary in order to achieve the required result. Lasers used in industrial applications, like 
material processing, are under normal operating conditions not a source of special health and safety concern. The 
situation might be completely different during service of the laser product, when the laser beam is freely accessible 
and hereby a potentially hazardous situation might arise. A similar situation is also given in many medical laser 
applications or in scientific laboratories. In addition laser products are applied for surveying, leveling, and 
alignment. Beyond that lasers are used for entertainment purposes or amusement as demonstration products. This 
also includes laser pointers, which are hand-held lasers promoted for pointing out objects or locations. In all these 
applications the respective laser product shall comply with all applicable requirements and shall not permit human 
access to laser radiation in excess of the accessible emission limits (AEL) of a special laser class depending on the 
respective national or regional regulation.  
At the workplace in particular exposure limit values (ELV) are to be observed. For this purpose in Europe the 
European Directive 2006/25/EC (2006) of the European Parliament and the Council has been published as the 19th 
individual Directive within the meaning of the so-called Framework Directive 89/391/EEC (1989). The directive on 
artificial optical radiation addresses laser radiation and non-coherent radiation together. It lays down the minimum 
health and safety requirements for protection of workers from risks arising from exposure to optical radiation from 
artificial sources. According to this directive the employer has to determine the exposure at the workplace and the 
respective values have to be below the specified exposure limit values (ELVs), which are based on various ICNIRP 
(International Commission on Non-Ionizing Radiation) guidelines. The ELVs for laser and non-coherent radiation 
are given in two separate annexes and are mandatory. In addition, the employer shall give particular attention to any 
indirect or secondary effects amongst others such as temporary blinding, when carrying out the risk assessment. At 
least this obligation is new, since up to now only deterministic risks had to be treated in a risk assessment concerning 
optical radiation. This therefore represents a paradigm shift. 
2. Maximum permissible exposure limits 
2.1. Some fundamentals and significance in standards and regulations of maximum permissible exposure 
It is well-known that laser radiation is capable to damage biological tissues when the respective limit values are 
exceeded. Therefore it is the main purpose of the ICNIRP guidelines to establish the maximum levels of exposure to 
laser radiation which are not expected to cause adverse biological effects to the eyes and the skin. The recommended 
exposure limits (ELs) are based on the best available scientific and experimental knowledge and will be adapted 
whenever new convincing experience justifies an updating. This situation raised in 2013 when the previous ICNIRP 
guidelines on laser radiation (2000) and broad-band incoherent optical radiation (1997) became updated both 
(2013a, 2013b). This creates some problems in the adoption of the new limits in regulations and standards. For 
example the new ICNIRP exposure limits have been adopted in the 3rd edition of the international laser safety 
standard IEC 60825-1 (2014), which will be published shortly, in an informative annex with minor changes 
compared to the values in the ICNIRP guidelines (2013b). 
Since in Europe the legally binding Directive 2006/25/EC contains the exposure limit values in annex II, which 
are based on the previous ICNIRP recommendations from 2000, this results in a certain contradiction. Therefore at 
least the National Committee of Germany DKE 841 of technical committee IEC TC 76 “Optical radiation safety and 
laser equipment” had voted in the so-called parallel voting procedure (CENELEC Parallel Vote) against the 
takeover of the 3rd edition of the international standard IEC 60825-1 (IEC Document, 76/506/RVD, 2014) as a 
European standard, namely EN 60825-1.  
One of the requirements to be fulfilled by the manufacturer of a laser product is the specification of the nominal 
ocular hazard distance (NOHD), which is calculated according to equation 1. 
 
1368   Hans-Dieter Reidenbach /  Physics Procedia  56 ( 2014 )  1366 – 1376 
  (1) 
where P is the laser power, 4 is the laser beam divergence, and MPE or ELV is the maximum permissible 
exposure or the exposure limit value, respectively. 
Since it might happen that there exist two different limit values, i.e. the informative given MPE in the standard 
and the legally binding ELV in the Directive 2006/25/EC, two different NOHD-values have to be given by the 
manufacturer, at least when he wants to place laser products on the European market. This is a result of the 
obligation that producers shall provide consumers with the relevant information to enable them to assess the risks 
inherent in a product according to the Directive 2001/95/EC on general product safety (2001). Currently it cannot be 
said with positivity if and when the European Commission will take over the new ICNIRP limits either in the 
existing Directive 2006/25/EC by amendment of Annex II or even by publication of a new directive. 
The main changes and modifications between the previous ICNIRP guidelines on laser radiation and the new 
ones are described by Schulmeister et al. (2011) and Schulmeister (2013). Mainly pulsed laser radiation is affected 
by the changes, but there are other significant changes, for example in the classification procedure of laser products. 
Despite all the current discrepancies, the main focus is on the safety and the protection of humans. Without doubt 
the most critical and endangered organ is the eye. But the risk of ocular damage depends on many parameters, not at 
least on the applied wavelength of the laser beam, since there is a so-called retinal window, where optical radiation 
is being transmitted through the anterior parts of the eye to the retina (light-sensitive layer of the eye, lining the 
inner surface). In laser standards this range is between 400 nm and 1,400 nm (retinal hazard zone). Wavelengths 
outside this range, i. e. ultraviolet and infrared, are considered hazardous for the anterior parts of the eye. In this case 
the cornea, aqueous humor (anterior chamber), iris, lens, and possibly the vitreous humor in front of the retina are at 
risk, whereas the greatest hazard exists for the retina through the focusing property of the eye. Due to the difference 
in the transmission and focusing of optical radiation through the eye completely different MPEs are valid in order to 
protect against any adverse biological effects in the various wavelength ranges.  
2.2. Photothermal and photochemical exposure limits 
The main difference in the appearance and visibility of photothermal and photochemical induced retinal lesions is 
in the time development of the damage. Whereas lesions which are observable immediately or at least within 24 h 
post-exposure are mainly the result of thermal photocoagulation of the retinal pigment epithelium (RPE) and the 
photoreceptor cells (cones and rods) the characteristic of a photochemical (phototoxic) reaction is that the respective 
lesions will not be visible until a duration of 1 d to 4 d after exposure as stated by Lund and Sliney (2014).  
Photochemical damage to the retina is in general associated with long-duration exposures at wavelengths at the 
blue end of the visible spectrum and is to be considered in the wavelength range between 400 nm and 600 nm 
according to Annex II of the European Directive 2006/25/EC (2006). Due to the wavelength range this damage 
effect is often called the “blue-light hazard”. The explanation of such effects is given by a photochemically initiated 
process, which is not connected to a measurable temperature increase of the respective biological tissue. However a 
small temperature rise in the retina appears to be synergistic with the photochemical effect. Photoretinitis or 
photoretinopathy is one of these special radiation-induced chronic effects, which might even result in blindness, 
since the photoreceptors are no longer able to fulfill its normal functions. Current scientific estimation, stated e. g. 
by Lund et al. (2006), is that for single pulse exposure duration of 0.1 s, the photochemical injury threshold is at 
least a factor of 10 higher than the thermal injury radiant exposure threshold at any wavelength that will reach the 
retina in the intact eye. However it is recognized that some degree of photochemical alteration will also be 
associated with shorter exposures. But up to now convincing study results are missing, which show the 
interrelationship between both mechanisms and any kind of synergism.  
Photochemical damage might happen to the cornea for wavelength below about 400 nm and lens cataracts might 
be caused at short wavelengths and above about 700 nm in the near infrared (infrared A, IR-A) too. This shows that 
it is not justified to describe wavelengths outside the range between 400 nm and 1,400 nm as eye-safe, as is 
sometimes specified in sale brochures and data sheets, since other parts of the eye are vulnerable to shorter or longer 
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wavelengths and adverse health effects may happen there. As far as the anterior parts of the eye are concerned 
photokeratitis and photo-conjunctivitis, which are inflammations of the cornea and the conjunctiva, respectively, are 
both wavelength dependent and can be described by their respective action spectra. This is a characteristic of all 
photochemical effects, which show a relatively strong wavelength dependence and a maximum sensitivity. The 
wavelength selective absorption properties of haemoglobin, melanin and water and the penetration depth together 
with the absorption of the RPE and the transmission of the human eye have been discussed by Reidenbach (2012). 
Photothermal effects are dominant in the retina at higher irradiances between about 10 W/cm2 and 105 W/cm2 in 
the millisecond regime up to a few seconds. In this case the biological tissue becomes heated and denaturated, i.e. 
proteins are coagulated. This results in cell necrosis (cell death). Photothermal damage might appear as a minimal 
lesion, where only a few receptor cells are destroyed, but at higher optical energy values much larger, permanent 
destruction may happen. A mild burn on the retina appears yellow or grey, and a white patch is produced at greater 
power. A lesion which is only visible as a slight discoloration is a so-called threshold lesion. But the degree of injury 
largely depends on the laser beam energy which reaches the retina. Therefore besides small lesions retinal 
disruption, intraocular haemorrhage and full-thickness macular holes might result from a laser beam irradiation 
exceeding the current MPE limits. The real extension of a retinal injury is very often not apparent directly after the 
laser irradiation, but several hours later. This might be explained by the thermally induced time-dependent processes 
of inflammation and repair. It must not be forgotten that there may be a neovascularization under or in the retinal 
layers due to damage of the RPE and underlying Bruch's membrane even much later. Several examples of 
accidentally generated retinal injuries have been reported recently by Löfgren et al. (2013) and Alsulaiman et al. 
(2014) after misuse of hand-held high-power laser pointers of various wavelengths. These cases illustrate the degree 
of damage and ophthalmic interventions that may be required.  
In the skin there are mainly four chromophores, i. e. melanin, haemoglobin, intra- and extracellular water and 
porphyrin, which contribute to the various interaction effects of incident laser radiation with tissue. The gross result 
of laser beam exposure arises mainly from the absorption of photons and ranges from mild burns up to blistering and 
third degree burns, where a complete destruction of the skin, i. e. of epidermis and dermis, is a prominent feature. In 
addition phototoxic damage might arise on the skin too. In this case photochemical effects are caused mainly by 
ultra-violet (UV) and initiate a cascade of different reactions which sometimes result in a breakdown of the 
deoxyribonucleic acid (DNA) over time and thus permanent tissue damage. In the worst case oxidative lesions, 
which are not sufficiently repaired can produce mutations etc and therefore might cause even cancer. 
2.3. Some particularities for maximum permissible exposure  
Normally the interaction of laser radiation with biological tissue can be described as a function of the irradiance, 
given in units of W/m2 or radiant exposure (time integrated irradiance) in J/m2. These two characteristics correspond 
to the power and energy density and describe the intensity of a laser beam at a given point in space at a given time. 
The location of the interaction depends upon whether the laser beam is absorbed at the skin surface or, as in the 
wavelength range of 400 nm to 1,400 nm, penetrates to the retina. In the latter case, the focusing properties of the 
cornea and lens of the eye play an important role. This situation is illustrated in Fig. 1 together with the 
physiological structure of the eye. The fovea is the most vulnerable point and corresponds to a visual angle of about 
the size of the moon or the sun, or the size of a thumbnail in an arm's length. 
In Fig. 1 it is shown that the pupil diameter dp is fixed at 7 mm without consideration of light adaptation, i. e. 
neither photopic (well-lit conditions) nor mesopic (intermediate conditions) adaptation is recognized for the 
determination of the exposure limits, but scotopic adaptation (low light conditions). Thus some additional safety is 
achieved. For visible optical radiation (light) the pupillary light reflex (PLR) controls the amount of light entering 
the eye. This might protect the retina when exposed to visible laser radiation. However, the pupillary reflex, which 
has been specified as a protection factor in laser safety literature since many years (see e.g. Stamper et al. (2002)), 
cannot be safely used, because it has been shown by Reidenbach et al. (2013a) that this reflex is too slow for an 
effective contribution. Although it is true that higher optical power causes the pupil to close more and more rapidly, 
it was found at best that for a laser beam at a wavelength of 532 nm a power between 100 pW and 100 PW causes 
the pupil diameter to decrease between 15.4 % and 42.4 %. With a response time (latency duration) of in average 
160 ms the 532 nm laser beam caused the fastest response when a power of 100 PW was used. After the start of 
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contraction the closure of the eye took up to 1.1 s before it reached its minimum. Remarkably is that even for small 
changes in the pupil size more than 300 ms are needed. This altogether shows that the pupil reflex is not fast enough 
to protect the human in the blink of an eye, i. e. in a quarter of a second.  
 
 
Fig. 1. Schematic of the human eye with the standardized pupil diameter and illustration of the focusing of a collimated laser beam on the 
retina. Illustration by Reidenbach (2012). In: Träger, F. (Ed.) ‘Springer Handbook of Lasers and Optics’, modified. 
The focusing capability of the eye extends from violet-blue to the near-infrared (400 nm to 1,400 nm). The 
irradiance is increased by a factor of up to about 100,000 from the cornea to the retina, if the calculation is based on 
a retinal image size of about 25 Pm. This optical gain is equivalent to the quotient of the area of the beam at the 
front of the eye to the small spot on the retina. Thus a 1 W laser produces at a distance, where the beam diameter is 
7 mm, an irradiance of about 26 kW/m2 (2,600 mW/cm2) on the cornea and 260 kW/cm2 on the retina in the worst-
case. For comparison the irradiance of the sun on the skin is about 100 mW/cm2. Considering the focusing capability 
of the human eye, a laser beam with a power density (irradiance) of about 2.6 mW/cm2 at the cornea, which is 
equivalent to the ELV for visible laser radiation for short duration exposure, i. e. 250 ms, might be transformed into 
a retinal irradiance of up to 260 W/cm2, when transmission losses in the various eye structures are neglected.  
Based on such considerations and on appropriate investigations as well as under the assumption that the human 
eye blink reflex closes within 250 ms a corresponding limit of 1 mW as maximum laser beam power was derived. 
The laser exposure limit values are mainly based on animal studies, where the so-called exposure or effective 
dose 50 or ED50 has been measured. This is the irradiance or radiant exposure at which a given exposure from a 
laser beam has a 50/50 chance of causing a minimal visible lesion. The MPE or ELV is conventionally derived from 
the ED50-value after division by a factor of 10. This is equivalent to a safety factor of 10, but based on a 50 to 50 
chance. The ED50 is also often referred as the threshold. Since the slope of the so-called probit curve, which 
represents graphically the estimation of the probability that a minimal visible lesion is observable as a binary event 
(yes/no), is relatively steep, it might be expected that at 10 % of the ED50 no harmful effects can be found and 
therefore the MPE/ELV values include a sufficient safety or reduction factor. As stated by Reidenbach (2012) not 
only individual susceptibility but biological and biophysical variables affect the data and therefore it is not possible 
to define a single safety or reduction factor between the threshold of an injury (observed effect) and the exposure 
limit. But as has been shown in different laboratory studies microscopically visible injuries usually appeared at 
between 25 % and 50 % of ED50, but never at values less than 10 % as stated in the ICNIRP guidelines (1996).  
New and improved data have shown that some of the earlier exposure limits had over-conservative safety factors 
and revised exposure limits have been recommended. Although a certain degree of uncertainty exists as far as 
extrapolation from animal experiments to biological effects in humans concerns, the currently available scientific 
knowledge indicates that the respective exposure limits provide a safe level of protection against known biological 
laser radiation effects. MPE/ELV values should be used as guides in the control of exposures, and should not be 
regarded as precisely defined dividing lines between safe and dangerous levels. In any case, exposure to laser 
radiation should be as low as possible. As stated by Reidenbach (2012) MPE values were derived to preclude not 
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only acute effects but delayed adverse effects too, but since actually only limited data are available for chronic, 
long-term exposures, delayed effects might not be completely excluded. 
It has been shown by modeling the exposure situation for longer exposure durations by Lund (2004), taking into 
account experimentally achieved data relating to eye movements, that thermal damage of the retina is not possible 
with a laser beam power of 0.4 mW at the 632.8 nm wavelength of a He–Ne laser, which is equivalent to an 
irradiance of 1 mW/cm2 of a 7 mm pupil. These model calculations were the basis for the current upper limit for 
laser class 1 in the visible part of the spectrum for wavelengths between 500 nm and 700 nm. But with the same 
model and a higher absorption of the RPE in the green–blue part of the spectrum it has be shown by Reidenbach 
(2005) that a beam power of 5 mW can be sufficient to increase the retinal temperature by about 18 K, and can 
therefore result in protein denaturation. This careful consideration is supported by the fact that a 10 mW laser 
irradiation for 250 ms results in a minimal lesion under controlled conditions. In addition long-term irradiation with 
wavelengths shorter than about 500 nm can result in predominant photochemical damage of the retina. This is the 
main reason that exposure limits are lower for shorter wavelengths for longer exposures.  
The influence of eye and body movements on the extension of the retinal image of a point source or a collimated 
laser beam has been critically discussed by Reidenbach (2012). Due to the influence of eye movements, the 
photothermal exposure limit is given as a constant irradiance of 1 mW/cm2 for point sources (i. e. angular subtense 
or visual angle Į İ 1.5 mrad) in the visible part of the spectrum for exposure durations longer than 10 s. 
Laser classification was developed to aid the user in hazard evaluation of the laser product and to determine 
necessary user control measures. It relates to the potential hazard of the accessible laser radiation in respect to eye or 
skin damage above the base-line AEL of laser class 1, which is generally based upon the MPEs.  
There was a strong belief in aversion responses and especially in the blink reflex as a reliable physiological 
reaction if a bright light, like laser radiation, is viewed. A laser source certainly represents a very bright light. For 
example a 1 mW laser has a luminance that exceeds even the “brightness” of the sun at noon. However, as stated by 
Reidenbach (2012), it should be taken into account that neither the blink reflex nor aversion responses limit the 
exposure duration to 0.25 s. It has been shown in a larger study with a total of 2,250 volunteers that a beam from a 
class 2 laser is not sufficient to stimulate more than about 20% of people to perform a blink reflex and aversion 
responses such as head and body movements are even less frequent (see e. g. Reidenbach et al. (2004, 2005)). These 
findings do not state that class 2 laser are no longer safe, but users of such lasers should be instructed to perform 
active protective reactions, i. e. close the eyes actively and avert the head in the case of intrabeam viewing. 
3. Temporary Blinding Limits 
3.1. Motivation for indirect effect treatment 
The availability of commercial high-power hand-held laser pointers has led to an increasing misuse of lasers 
towards pilots, drivers and police officers. Today‘s high-power laser devices can distract, dazzle or flash-blind a 
person at a large distance and in a short distance permanent retinal injuries might not be excluded any longer. 
The temporary blinding effect of visible laser radiation might not only disturb or distract people but can lead to 
deleterious indirect (secondary) effects in many activities with potentially disastrous results in the worst case. In the 
current laser safety standard IEC 60825-1 (2007) it is said in the description of the classes and potentially associated 
hazards for class 2 lasers that “dazzle, flash-blindness and afterimages may be caused by a beam from a Class 2 
laser product, particularly under low ambient light conditions. This may have indirect general safety implications 
resulting from temporary disturbance of vision or from startle reactions. Such visual disturbances could be of 
particular concern connected with performing safety-critical operations such as working with machines or at height, 
with high voltages or driving.” In addition users of class 1 laser get the information that “intrabeam viewing of Class 
1 laser products which emit visible radiant energy may still produce dazzling visual effects, particularly in low 
ambient light.” On the other hand there is unfortunately not even a hint in the international standard IEC 62471 
(2006) for lamps and lamp systems on transient glare from visible radiation. Taken together no limit values or even 
orientation values have been published so far in order to be able to perform a risk assessment taking into account 
indirect (secondary) effects as a result of temporary blinding due to direct viewing into a low-power laser beam or 
into a reflected or scattered laser beam. Besides that transient glare might result from broadband visible radiation, 
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which can be emitted from an artificial optical source or is generated as a by-product, for example, during laser 
material processing at infrared or far-infrared laser wavelength. Not at least dangerous and dazzling optical radiation 
can also occur during material processing of non-ferrous metals, like copper or brass, with visible laser radiation. 
3.2. Some fundamentals for temporary blinding effects 
Temporary blinding is mainly the result of specific molecular absorption of photons in the retinal receptors 
including the RPE cells. In this case the excited structures undergo a chemical reaction that is unique to its excited 
state, i. e. a photochemical effect takes place as a saturation effect of the affected molecules and structures. 
Glare might be defined as the dazzling sensation created by a very bright light, like a visible laser beam. This 
effect is similar to looking into the bright flash of a camera and vision usually returns to baseline within a while. 
That’s why it is called temporary blinding. Nevertheless, during this refractory time, an exposed individual is 
visually handicapped, especially due to the accompanying occurrence of a primarily photochemically induced 
afterimage. Since an afterimage is a visual impression, which occurs after the decay of the exposure more or less 
directly at the site which has been irradiated, consequently the vision is restricted accordingly. 
During a study of visual impairment from a violet laser beam at 405 nm under the auspices of the author (2013c) 
at an exposure duration of 1 second a relatively sharp bordered grayish shadow-like after effect was observed. This 
unfamiliar effect persisted for about 108 hours and had an extension on the retina of approximately 50 ȝm to 77 ȝm, 
which was about the expected image diameter of the laser beam. Since this appearance was different from the well-
known afterimage appearance even for well-experienced investigators no further tests with this short-wavelength 
laser have since been performed in order to fulfill the goal of prudent precaution. It is believed from Reidenbach et 
al. (2013c) that chromophores like lipofuscin play an important role in this appearance. Whether long-term 
photodamaging effects might occur even at an optical energy below the current ELVs or whether only very long-
lasting repair mechanisms or a combination of short- and long-lived reactions in the so-called visual cycle cascade, 
i. e. the chain of biochemical reactions that regenerate visual pigments following exposure to light, are responsible, 
cannot be said. A clarification what special kind of photochemical effects contribute to this effect is badly needed. 
3.3. Relationships as a function of laser power and wavelength  
Up to now there is only one standard, namely ANSI Z136.6 (2005), in which the following values are introduced 
for distraction of airline pilots: 50 nW·cm-2, dazzle: 5 ȝW·cm-2, and afterimages: 100 ȝW·cm-2, which is equivalent 
to 19.250 nW, 1.925 ȝW, and 38.5 ȝW, respectively, in a 7-mm aperture. But from these values one is not able to 
derive the duration of impairment after an interference, but only the respective psycho-physiological effect. 
The fact that temporary blinding has to be included in the risk assessment demands further knowledge as far as 
the various parameters and their influence on the impact is regarded. In an extensive study indirect effects arising 
from bright laser beams as a result of temporary blinding have been investigated and the impairment of visual 
functions like visual acuity, contrast sensitivity and color discrimination was determined with the goal to improve 
the current knowledge as far as especially the recovery duration of visual functions is concerned.  
In a first study with an exposure duration up to 250 ms and a power of 0.39 mW (or about 0.1 mJ) a visual 
disruption between about at least 2.5 s and 15 s was determined with a class 1 laser by Reidenbach (2012). The 
inability to read due to the disturbance produced by afterimages lasts for about 20 s even if the exposure duration is 
not more than 0.25 s at about 0.8 mW optical output power from a class 2 laser.  
Tests have been performed with five different wavelengths, namely 405 nm, 445 nm, 532 nm, 635 nm and 
670 nm as representative for the entire visible spectrum. The visual impairment was determined after temporary 
blinding with laser radiation with a total of 14 volunteers. The laser beam power was at an exposure duration of 
100 ms between 1 nW and about 0.64 mW. Mean maximum visual impairment durations between about 3 s at 
405 nm and about 30 s at 532 nm have been found (Fig. 2(a)). An exposure time of 100 ms was chosen because it 
had been shown in preliminary experiments that this is a glare relevant exposure duration, i. e. it is such a duration 
that is long enough to achieve a sustained temporary blinding effect. All subjects were informed prior to the start of 
the tests on the objectives and the implementation of the individual tests. All persons participated voluntarily in the 
tests and gave their written consent. 
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Preliminary results of these investigations have been published by Reidenbach et al. (2013b) and the final results 
will be available in a research report by Reidenbach et al. (2014). 
Fig. 2(a) shows the relationship of visual impairment, which has been determined with a specially developed 
visual acuity apparatus based on the Landolt-C-test method, as a function of laser beam power, as a mean of a total 
of 1,512 exposures at 5 different wavelengths with 14 test persons.  
 
 
 
Fig. 2. (a) Visual impairment duration tVIS as a function of laser beam power P for 5 different wavelengths as mean values of all trial 
participants with an exposure duration texp of 100 ms; ELV: exposure limit value calculated from the Directive 2006/25/EC; (b) Semilogarith-
mic representation of the threshold behavior of the impairment duration tVIS as a function of laser beam power P for small power values. 
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The curves in Fig. 2(a) can be used in order to determine - as indicated by the black vertical and the horizontal 
double arrows - the visual impairment duration resulting from an exposure duration of 100 ms for a given laser 
beam power and on the other hand to be able to read the required laser beam power for a default visual impairment 
duration from the diagram.  
The maximum values of the visual impairment duration were determined to be about 11 s (average: 3 s) at 
405 nm, and about 118 s (average: 30 s) at 532 nm. The corresponding minimum values were approximately 0.17 s 
(405 nm) and about 5.6 s (532 nm), which clearly shows the interindividual differences. 
In addition the results of a total of 135 exposures showed that a substantial overlapping of impairment duration 
values exist if light and dark adaptation is compared. Therefore it could be concluded that the results are valid under 
mesopic ambient conditions too, which will be described by Reidenbach et al. (2014) in more detail. 
The wavelength dependence in the laser beam power range between about 1 PW and 100 P W is similar to the 
spectral luminous efficiency function V(O), however, wide variations exist especially for the wavelength of 405 nm. 
The investigations have shown that values are to be expected with a variation of 2 to 3 orders of magnitude in terms 
of V(O). In addition because of individual differences simple calculations taking into account only the gross 
similarity with the V (O) curve does not yield reliable data unless an experimentally determined multiplicative 
individual factor between 0.13 and 5.2 is included. The functional dependence is set forth in Table 1. With the help 
of the specified relationships either the impairment duration tVIS at a given laser power P or the required laser power 
P calculated for a maximum duration of impairment tVIS might be derived. For a given exposure duration texp the 
maximum optical energy Q= P·texp can be calculated or vice versa. In order to perform a risk assessment on the basis 
of experimentally determined impairment durations one can calculate the values according to the formulas in Table 1 
for a maximum impairment duration tVIS. This has been done for tVIS  = 1 s  and the values are given in Table 1. This 
shows that even very low laser beam power values in the range of less than 1 PW or a few PW are sufficient to result 
in a “threshold” value for 1 s interference. The threshold behavior is shown in Fig. 2(b) and it depends on what 
smallest value of a visual impairment should be allowed (1 s, 0.5 s or only 0.1 s). In addition, the measurement of 
very short times is extremely laborious and hardly possible in such physiological studies. In the example in Table 1 a 
value of 1 s has been chosen, as this is usually of little importance for practical activities.  
Table 1. Formula for calculating the impairment duration tVIS in seconds with a laser beam power P for an exposure duration of 100 ms for 5 
different wavelengths in the laser beam power range between 100 nW and 640 PW; dP is the pupil diameter, 4 is the beam divergence, z is 
the distance to the laser, PdP2/(4z)2 = PP is the power in the pupil and the laser beam power P has to be inserted in mW. 
Wavelength in nm Visual impairment duration  
tVIS / s 
Visual impairment duration  
tVIS / s 
Required laser power P for 
a visual impairment duration tVIS = 1 s 
405 3.4·P0.30 3.4·[dP2/(4z)2]0.30 (1/3.4)1/0.3    = 0.017 mW       = 17.0 μW 
445 8.3·P0.42 8.3·[dP2/(4z)2]0.42 (1/8.3)1/0.42   = 0.0065 mW     =     6.5 μW 
532 31.5·P0.44 31.5·[dP2/(4z)2]0.44 (1/31.5)1/0.44 = 0.0004 mW   =      0.4 μW 
635 13.5·P0.3 13.5·[dP2/(4z)2]0.3 (1/13.5)1/0.3  = 0.001 mW     =     1.0 μW 
670 6.5·P0.38 6.5·[dP2/(4z)2]0.38 (1/6.5)1/0.38   = 0.0073 mW   =     7.3 μW 
 
While at a wavelength of 532 nm 74 μW would be sufficient for an impairment duration of 10 s, such a time 
period would also be achieved at 635 nm with a laser beam power of 454 μW, i. e. almost with a laser class 1 for an 
exposure period of 100 ms. On the other hand mathematically at least 36.45 mW are required at 405 nm and 
1.56 mW at 445 nm, i. e. at an exposure above the ELV value for 100 ms (see Figure 2 (a)). Even if an impairment 
duration of 5 seconds would be tolerable in a special situation, this could only be achieved with 3.617 mW at 405 nm 
according to the relationship (5/3.4)1/0.3 = 3.617 mW, i. e. not without the resulting risk of permanent damage. 
Temporary blinding limit values (EBLV) are given for the first time in Table 2 compared with the existing ELV. 
   Table 2. Exposure limit values ELV and temporary blinding or glare limit values EBLV for different exposure durations. 
 ELV (0.25 s) ELV (10 s) EBLV(0.25 s – 0.1 s) 
Irradiance E 2.5 mW/cm2 1 mW/cm2 10 PW/cm2 – 25 PW/cm2 
Power P 1 mW 0.4 mW 4 PW – 10 PW 
Reduction factor to ELV (0.25 s) 1 2.5 100 – 200 
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Table 2 clearly shows that temporary blinding limit values based on a theoretical threshold of a visual impairment 
duration of about 1 second are set at a reduction factor of about 100 to 200 compared to the ELV for 0.25 s. From 
this even a nominal ocular temporary blinding distance NOBD might be derived as given in equation (2). 
  (2) 
Equation 2 shows the relationship between the nominal ocular hazard distance NOHD and the nominal ocular 
temporary blinding distance NOBD in relation to the nominal ocular damage distance NOHDED50, which is given as 
about 10 times the NOHD and thus shows the interrelationship between damage and temporary blinding potential. 
The distance in between both values is the nominal ocular hazard distance NOHD, which has to be determined at a 
work place in order to keep below the exposure limit values. 
4. Summary and take away message from interference with optical radiation 
Exposure situations where the exposure limit values are not exceeded do not pose any risk of adverse biological 
effect. But long-term and repeated irradiations should be avoided especially in the short blue wavelength range. 
Direct viewing of a powerful laser beam, i. e. from a laser above class 2, like it might be the case with high-
power hand-held laser devices like laser pointers can cause a range of maculopathies that might result in a 
permanent decline in central vision. Long-term vision loss can occur as a result of involuntary exposure at close 
range and the injury may occur before a normal person is able to respond by closing the eyelid. Most cases need 
intervention, even though some cases can unexpectedly improve.  
The studies on temporary blinding have clearly shown that starting at about 1 PW impairment of visual functions 
of more than one second might be expected, i. e. for a laser beam with a power value at a factor of 1000 below the 
exposure limit. With the orientation values it is practically possible to answer the question for the first time whether 
an actual or potential threat by temporary blinding may exist or not and therefore fulfill the requirements of health 
and safety regulations in a risk assessment. Protection goggles against temporary blinding are a current requirement. 
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